Q u a c t i t a t i v c r e s u 1 t-s of t h e f 1 u c t u a t i n g component of t h e c r o s s -s e c t i o n a l l y averaged voiume fraction ncasuremnts a r e ?resented, and r e l a t e d t o the n a t u r e of t h e flows. The r a t i o of t h e s t e a d y component t o the r.m.s. of the f l u c t u a t i n g component of the v o i m fracti.or. measuremr!t (Signa 1 To Noise Rat-io) is found t o be a good f l o w s t r u c t u r e i n d i c a t o r . Iiernarkabl y, t h e s o l ids-water f l o w s and t h e bubbly a i r -w a t e r f 1 ows exhibit almost i d e r t i c a l s i g n a l t o noise r a t i o s f o r the s a m volume fraction. However, the correspnding va 1 ues f o r t h e t h r e e componect f l o w s r e f l e c t g r e a t e r f l uctuations corresponding Lo =he vorzical st.ructures.
Air-water f l o w s , s o l i d s -w a t e r f l o w s and t h r e e component air-sol ids-water flows i n a v e r t i c a l pipe have been i n v e s t i g a t e d i n a Three Component Flow F a c i 1 i t y . Visual observations of the flow patterns show t h a t the three compocent flow e x h i b i t s strong unsteady v o r t i c a l motions which do n o t occur i n t h e two phase f i o w s s t u d i e d . Q u a c t i t a t i v c r e s u 1 t-s of t h e f 1 u c t u a t i n g component of t h e c r o s s -s e c t i o n a l l y averaged voiume
fraction ncasuremnts a r e ?resented, and r e l a t e d t o the n a t u r e of t h e flows. The r a t i o of t h e s t e a d y component t o the r.m.s. of the f l u c t u a t i n g component of the v o i m fracti.or. measuremr!t (Signa 1 To Noise Rat-io) is found t o be a good f l o w s t r u c t u r e i n d i c a t o r . Iiernarkabl y, t h e s o l ids-water f l o w s and t h e bubbly a i r -w a t e r f 1 ows exhibit almost i d e r t i c a l s i g n a l t o noise r a t i o s f o r the s a m volume fraction. However, the correspnding va 1 ues f o r t h e t h r e e componect f l o w s r e f l e c t g r e a t e r f l uctuations corresponding Lo =he vorzical st.ructures.
Due t o t h e d i s c r e t e nature of mlticomponent flows,
an i s s u e which is of ten neglected in a n a l y t i c a l models , the s t a t i s t i c a l p r o p r t i e s of masured flow q u a n t i t i e s have been shown t o contain v a l u a b l e information on the p r o p e r t i e s of t h e flow. The f l u c t u a t i n g component of t h e p r e s s u r e d r o p i n two phase f l o w through a n o r i f i c e was used t o d e r i v e t h e f l o w r a t e s of t h e components by I s h a g a i e t a 1 (1) . J o n e s and Zuber ( 2 ) u s e d t h e probability density function of X-ray attenuation volume f r a c t i o n s i g n a l s a s a f l o w p a t t e r n d e s c r i m i n a t o r f o r v e r t i c a l b u b b l y ,~ l u g and a n n u l a r flows. B e r n i e r (3) used t h e i n h e r e n t n o i s e of r e s i s t i v e volume f r a c t i o n s i g n a l s a s t h e s e e d f o r h i s e x p e r i m e n t a l a n a l y s i s of kinematic wave propagation i n b u b b l y flows. The s i g n i f i c a n c e of t h e s t a t i s t i c a l p r o p e r t i e s of volume f r a c t i o n m e a s u r e m e n t s depends e r t i r e l y on t h e s i z e of t h e i n f l u e n c e volume of t h e measuring device. For example, hot wire a n e m m t e r s , o p t i c a l probes and other devices have been employed t o make point measurements of volume f r a c t i o n . ' To o b t a i n u s e f u l information, t i m e averaging of t h e output is necessary. This limits the dynamic r e s o l u t i o n of such a device. On the other hand X-ray and Gamma-ray a t t e n u a t i o n techniques i r h e r e n t l y carry out l i n e averages along t h e beam Capacitive and r e s i s t i v e masuring techniques y i e l d a volume average of c o n c e n t r a t i o n .
The s i z e and shape of t h e measuring volume i s determined by the geometry of the electrodes. With a l a r g e averaging v o l u m g o d dynamic response is achieved a t t h e c o s t of diminished s p a t i a l resolution.
Much of t h e r e s e a r c h i n v e r t i c a l multicomponcnt flows has focused on l o w Reynolds n u h r sedimentation and fluidization. Such three component flows have been v i s u a l l y &served t o undergo a flcw regine chmge from a cispersed s t a t e t o one with segregatec5 v e r t i c a l streams of i n d i v i d u a l c o n s t i t u e n t s (Fessas & Weiland ( 4 ) ) . I n t h e work p r e s e n t e d h e r e , Reynolds umbers of l O C O and 400 were nleasured f o r individual bubbles ana p r t i c l e s r e s p e c t i v e 1 y based on t e r m i n a l v e l o c i t y . A change i n flow regirre was a l s o seen t o take place i n these flows. Thi.s s t u d y u s e s a volume averaging n o n -i~t r u s i v e volume f r a c t i o n meter t o a n a l y z e t h e s t a t i s t i c a l properties of three-phase flows and compares them with the properties of the constituent two-phase f 1 ows. The r e s i s t i v e volume f r a c t i o n measuring technique enployed has good dynamic resolution. me s t a t i s t i c a l nature of t h e volume f r a c t i o n i s r e p r e s e n t e d by t h e S i g n a l To Noise R a t i o (STNR) o f t h e o u t p u t s i g n a l .
W e f i n d remarkable s i m i l a r i t i e s i n the STNR f o r dispersed bubbly a n a s l u r r y f lows. Hence t h e STNR could be used as a simple and accurate independent indicator of t h e volume f r a c t i o n . Also t h e STNR i n c o n j u c t i o n w i t h t h e mean volume f r a c t i o n p r o v e s t o be a good f l o w regime discriminator i n two and three component flows.
The Three Component Flow f a c i 1 i t y (TCFF) a t Caltech, shown i n f i g u r e 1 was used t o study t h e s t a t i s t i c a 1 p r o p e r t i e s of volume f r a c t i o n s i g n a 1 s i n bubbly, s l u r r y and t h r e e component flows. The t e s t section i s a v e r t i c a l c l e a r a c r y l i c pipe -1016 meters (4 inches) i n diameter and 2.2 meters i n length. The a i rwater flows are formed by introducing the gas through an i n j e c t o r s i t u a t e d i n s i d e t h e v e r t i c a l pipe, .5 meters below t h e t e s t section. The i n j e c t o r c o n s i s t s of an a r r a y of t w e l v e 3.2 mm (1/8 inch) diameter b r a s s tubes p e r f o r a t e d with .4 mm (1/64 inch) holes. An 8 atm (120 psi) compressed a i r l i n e supplies the injector through a regulator, an o r i f i c e p l a t e f lcm meter ( t o monitor a i r mass flow), valves t o control a i r flow and a m i f o l d t o d i s t r i b u t e t h e a i r f l o w e v e n l y among t h e b r a s s tubes.
The s t a t i c pressure gradient i n the t e s t section is monitored using an i n d u c t i v e d i f f e r e n t i a l p r e s s u r e transducer. The volume fraction of the dispersed medium is measured using an Impedance Volume F r a c t i o n Meter (IVFM). The IVFM was developed by Bernier (3)
The e x c i t a t i o n and s i g n a l processing equipment i s described . i n -. more d e t a i l by Bernier (3).
FIGURE
1 Schematic of t h e Three Component Flow Facility.
The s l u r r y flows studied consist of water and polyester p a r t i c l e s t h a t a r e c y l i n d r i c a l i n shape, with a mean diameter of 3 mm. A 
mixture of equal d e n s i t y b l a c k and white p a r t i c l e s i s used f o r flow v i s u a l i s a t i o n . The most novel a s p e c t of t h e f a c i l i t y i s i t s a b i l i t y t o h a n d l e s o l i d s and t o c o n t r o l t h e i r f l o w r a t e independent 1 y of t h e l i q u i d without having t o add o r remove s o l i d s from the system When a t r e s t prlor t o an experiment the s o l i d s are trapped between a v e r t i c a l 4 inch c o n t r o l c y l i n d e r and t h e s t o r a g e hopper. A s t h e c o n t r o l c y l i n d e r i s r a i s e d from t h e reducer on t o p of which it sits, the gap created allows p a r t i c l e s t o enter the t e s t s e c t i o n under t h e a c t i o n of g r a v i t y . The v e r t i c a l position of the control cylinder can be varied by means of a c o n t r o l rod a t t a c h e d t o a worm g e a r mechanism and t h i s permits t h e s o l i d s f l o w r a t e t o be
controlled by varying the gap between the cylinder and +he reducer. To recycle the s o l i d s a f t e r an experiment the control cylinder is lowered t o the closed position and s u f f i c i e n t upward water f l o w i s generated t o f l u i d i z e the s o l i d s i n the lower tank and t o carry them back t o the hopper where they s e t t l e i n t o t h e i r original position. 2 Isometric view of t h e Impedance Volume Fraction Meter electrodes showing t h e s t a i n l e s s s t e e l c i r c u l a r a r c e l e c t r o d e s f l u s h mounted i n a p i e c e of acrylic pipe.
The IVFM i s calibrated with both bubbly and particulate flows a g a i n s t t h e volume f r a c t i o n obtained from t h e s t a t i c pressure gradient measurement. These two p l o t s a r e shown i n f i g u r e s 3 and 4. Equations 1 and 2 a r e t h e r e s p c t i v e linear regression f i t s t o the calibrations. The corresponding c o r r e l a t i o n c o e f f i c i e n t s f o r t h e s e f i t s a r e .9992 and .997. The discrepancy between t h e two f i t s (up t o 4 %) i s attributed t o experimental error i n the measurement.
The IVFM is found t o have e x c e l l e n t l i n e a r i t y up t o volume fractions of a t l e a s t 40 %. After i n i t i a t i o n of each experiment, data was not taken f o r 30 seconds i n order t o permit passage of t h e i n i t i a l transient. For each run, measurements were made of t h e a i r flow r a t e (using t h e o r i f i c e meter) and t h e liquid flow r a t e (measured with an electromagnetic flow meter). The IVFM d.c. output and t h e s t a t i c pressure transducer output were monitored on a s t r i p c h a r t recorder. The IVFM a.c. component was a l s o recorded on magnetic tape through a d.c. blocking amplifier with a 3dB cut off frequency of .032 Hz and a fa1 1 off slope of 10 dB per octave. The record length was f i v e minutes whenever possible.
IMPEDANCE VOLUME FRACTION METER DC OUTPUT ( VOLTS 1
The s h o r t e s t record was of one minute which i s of ample l e n g t h f o r a c c u r a t e determination of t h e mean square f l u c t u a t i o n . Visual observations were made of t h e nature of t h e flows and the flow pattern.
In
obtained from the IVFM. A t law flow rates a or v is a 1 so given by t h e output of t h e d i f f e r e n t i a l pressure t r a n s d u c e r s i n c e t h e f r i c t i o n a l component of the pressure drop is very small. Indeed t h i s is how the c a l i b r a t i o n s (1) and (2) were obtained. I n a t h r e e component flow a t low flow r a t e s , t h e d i f f e r e n t i a l s t a t i c pressure transducer yields the bulk density which is a The flow takes of the order of minutes t o s e t t l e down t o the bubbly s t a t e of 35 % volume fraction a t constant a i r flow rate. The change i n regime has the notable effect of preventing the volume fraction from ever rising above 45 % under our experimental conditions. The particle-water flows a r e we1 1 dispersed f o r low volume f r a c t i o n s ( fig. 7) . For the low t o t a l flow rates considered, the flow never develops any unsteady vortical structure. A t high particle concentrations (55 %), t h e p a r t i c l e s can no longer move r e l a t i v e t o one a n o t h e r and t h e two component medium a p p e a r s t o t r a n s l a t e 1 i k e a s o l i d plug i n s i d e the pipe. This is referred t o a s plug flow ( fig. 8) .
